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Abstract—The Deep Space One (DS1) 8. GONCLUSIONS
mission, scheduled toyflin 1998, wll be the
first NASA spacecrafto featue an on-board 1. INTRODUCTION

planner. The planner is gaof an artificial NASA's New  Millennium Progran (NMP)

comprises the planner/scheduler, a plapy geploying sevelaspacecraf built “faster,
execution engine, and a model-based fauligier  “and cheaper” than traditional

diagnosis and. reconfiguration_ epgine. Thi%pacecraft. Spacecradutonony is a aucial
autonory architecture reducesnission costs glemen in achieving this vision.tlis expected

and increasemjssion quéty by enalting high-  h4 autonomos pacecraf will reduce
level commanding, robusfault responses, and ission operations costs Ibaking over many
opportunistic  responses to  serendipitous the operations thahave typicly been

eventg. This paper describes the On'boarﬂerformed on the ground, andillwim prove
planning and schedng componen of the ission quiity by being more robus to

DS1 autonomy architecture. falures and more responsive to unexpected
opportunities than traditional spacecratft.
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consists © three ©mponents: the fortuitous events, such astter than expected
Planner/Scheduler (PS), the Executive (EXEC)esouce ®nsumption. The same process used
[2], and a model-based Mode Identificationto “plan around” fdures ca be used to
and Recover engine (MIR [3]. This paper generate new plans th#éake alvantage ba
describes the Planner/Scheduler compboén change in spacectatate. This capdlty is
the Remote Agent. importarnt since i enables fundameritg new
planetay exploration missions where round-
The RA reducesmission costs and increasestrip light time does nb allow dfective joy-
mission qulty in sever&d ways. First, it sticking of the spacecraft from Earth.
reducesmission costs Y enaling high level
commanding. This is a functio both d the Organization
hierarchich nature @ the RA architectue and
the aility to generate plans on-board. Instea
of painstakingf  constructiy  detaled
command sequences as is required
traditiond missions, the ground can roonand
the spacecrafwith a handfli of high-level
goals Changes to thenission plan a eaily
accanmodated § changing the goals.
Trangnission costs & dso reduced, since
goals take lessime to tranmit than their
corresponding sequences.

he remainder fothis paper is organized as
ollows: the DSImission is describedybway

.of contex in Section 2 high level
IrIzommanding is discussed in Section 3, along
with examples b mission goals and
constraints; the PS is described in Section 4;
the go& prioritization and rejection
mechanisms are described in Section 5; and the
faut response mechanis is discussed in
Section 6 with examples fno a DS1 fault
scenario; opportunistic responses to fortuitous
events are discussed in Section 7; and

Second, the R reducesmission costs and conclusions appear in Sectién

improves mission qulty by providing robust
responses to ifares th& would normdy
require ground intervention. The Rffovides
responses thaequire tke aility to look ahead In pas missions, spacectahave been fairly
ard deliberae  @ou globd interactions, large and expensive (e.g. the Cassission to
whereas the ref the RA handles realime  Saturn is budgeted for approx. $illi bn) and
failures requiring ol locd reasoning but have used mostl older, estalshed
quick reactions. Td aility to respond both technologies in favor fonewer, riskier ones.
ddiberative and reactivey to falures provides The spacecraéfand the scientific data which it
far more robustness than traditibmaissions, was tasked with gathering were tjusoo
ard pemits substantid savings in ground- valuable to risk. As a result, maof the newer
operations resources thaould otherwise be technologies have never hadcance to fly,
devoted to flure responset lalso dows for despite their potential advantages.
lighter DSN (Deep Space Network the
network d antennas used for deep spacd he objective bthe New Milennium program
communication) coverage—roughlone pass (NMP) is to develop new technologies and
per week—since the spacedriaflesslikely to ~ processes thavill alow spacecrafto be bult
be idle for sevetadays after a feure, waiting and flown “faster, biter, and cheaper” than
for the ground to respond. traditiond missions. The progma validates
these technologies dnprocesses Y trying
Findly, on-boad panning can improve them out on low-risk, low-cos validation
mission qulity by taking advantage of missions. The ae six missions in the New

2. THE MISSION



Millennium program, & which this one, Deep The PS receives a tsef high-levd mission
Space One (DS1), is the first. goals either diregflfrom the ground or as part
of a pre-loadednisson pofile, ard generates
The pimary objective d the NMPmissions is a plan—a sé of synchronized procedures.
not to do planetay science buto vdidate Once eecuted, thes coommands wll achieve
new technologies inight. The spacecriare the mission goals withauviolating resource,
relatively inexpensive (e.g. the DS1 Mission istemporal, or safgt constraints. The EXEC
capped 8$138.5million) and although there is receives the comands and ensures the correct
a sciege @mponent, its presence isirparly  dispatching dlow-levd commands to the real-
to stress the technologies. Fhidift of time device drivers. MIR monitors device
priorities dlows the technologies to beresponses to comands, identifies possibly
developed and Vigated withott al the faulty components and suggests recovery
constraints imposed g typicd science actions to the EXEC.
missions. 1 the new technologies prove
worthy, the will be used on future science Some & the other critichtechnologies are the
missions. on-board opticlanavigator, the ion-propulsion
engine (IPS), and the Miniature Integrated
The namind mission is to # by Asteroid3352 Camera Spectrometer (MICAS).
McAuliffe in Januagr 1999, tale a series of
images, and then to repiethe process in a The on-board navigator detaines the
flyby for Come& West-Kohoutek-lkemura in spacecrdf trajectoy ard position based on
June 2000. Since oné the goals bspacecraft images 6the surrounding star field taken on a
autonony is to reduce ground operationsregular basis (evgrfew days during cruise,
costs, there W be minimal ground support and more ofte near encounter.) Thanages
and vey light DSN coverage throughbuhe are taken with the MICAS camera, a new
mission, only one pass every two weeks. compat device with infrared (IR), ultraviolet
(UV), and visible light sensors.
DS1 has thirtee new technologies aboard.
During cruise, whe the spacecrafs closing Unlike mo$ missions where velogit is
with the fird encounter target, Wrdation accumulated with powerfichamicd thrusters,
expeiments Wil be performed on eaclf the DS1 uses an ion propulsion engine (IPS) which
new technologies. Ohese technologies, some generates opla few millinewtons 6 force by
are mission critical. 1 they fail, the res of the ejecting energized xenon particles. By
mission Wil be seriougl compramised or lost. thrusting #mod constantly, the required
These mission critich technologies Wl be velocity can be ahieved moe dficiently than
validated ly the demandsfathe mission itself with chemicd thrusters, albéimore slowly.
as well as by specific validation tests. The IPS engine mude sha down evey few
days to takeimages for optida navigation.
The Remote Agdr(RA), as the conticsystem (Opticd navigation requires pointing the
for the spacecraft, isa aitical mission spacecrdfat various targebodies. Doing this
technology. The R consists of three while under thrus would introduce
components: the Planner/SchedulPS), the unnecessary trajectory errors.)
Executive (EXEC), and a model-based Mode
Identification and Recovery engine (MIR). Over severlamonths the spacectafloses with
the encounter targebody (asteroid or comet)
and fies ly at severa kilometers per second,



taking a sequencd MICAS images astidoes
so. During the lasfew days befo encounter,

the trajectoy is updated based on increasinglymodularity,

frequen images 6 the target. The fiyp itself
lasts perhaps 400 seconds, during whiofet
the spacecraf mug take a tightly timed
sequence foimages and make ksninute
course corrections.

3. HIGHLEVEL COMMANDING

A Remote Ageh contrdler tha includes an
on-board PS enables a new approach
spacecraf commanding, high-level
commandingln this approach, egomands to a
spacecrdftake the fom of abstrat directives
or goals instead © detaled streams of
instructions. The respongibies d PS are: (1)
to selet among the proposed goals those to b
achieved & ary point in time; (2) to
compramise between the leief achievement
of the selecté goals, and (3) to expand the
proceduresneeded to achieve the goals. P
ensures the  satisfaction f o various
synchronization constraints angpprocedures
and resolves resowg ®nflicts. The se of

expandd procedures and constraints amond‘

them constitutes plan.

In contrast, the traditioha approach to
spacecrdafcommanding is to develop a dded
sequence fotime-tagged cmmands to the
real-ime device drivers. This extremely
detaled levé of commanding dows a high
levd of sequence ophization in order to
“squeeze” 8 much performate & possible
out of the spacecraft. However, the drawbac
is tha tempord and resowe ®nstraints and
fault protection goals also have te lssured
a an extremgl detaed level. The
consequence is thdeveloping a sequence is a
very exacting and ine nsuming process,
often requiring monthsfamanua labor. Once
generated, a sequence is wdlifficult to
modify.

%/ork needed to generate

g

The pimary benefits ¢ high-levé commanding
when compared to traditiongequencing are
execution  flexibty  and
robustness.

With respet to modularity, in Remote Agent
the istence 6 an abstracplan makes very
exdicit the hierarchica decomposition of
responsillities  between the  ffierent
architectura components. This hierarchical
approach can gregtlreduce tkb amourt of
sequences. The
procedures in a plan typibarepresenh fairly
complex sequenced mstructions to the real-
time device drivers. T epansion © this
sequence is achieved IEXEC and MIR on
the basis Dthe adud execution conditions.
gince the plan alregdesolves synchronization
and resowe docation constraints among
procedures the process fo expanding an
EXEC/MIR sequence is highllocdized and,
herefore, greagl smplified. Extensive
validation d these smih sequences is much
smpler than the Jedation d sequences
generated in the traditioha approach.
ocdization d interactions amam procedures
and flexiblity of procedue epansion at
execution ime has also # dfed of making
plan execution more robuto falures. This is
discussed further in Section 6.

Execution flexillity depends on the fatha a
plan is nd@ smply a time-tagged sequence of
commands. Procedures in a planncde
potentidly executed in pati@l. The plan

Igxpicitly represents and maintains temporal

constraints between procedures. These derive
either fran the lega conditions under which
the spacecrafhardwae can be operated or
from requests frm ground operators. For
example, a temporaconstraih can express
that procedureA mud stat from 30 to 60
minutes after procedure B, or th@ocedure B
mug execute wihe procedure C is executing,
or tha procedure A ends exacyl when
procedure C starts. PS ensures @hnsistency



of the network © tempora constraints in the sequene and EXEC wil initiate execution of
plan and inferdime ranges duing which a the caned sequence when encountering the
procedue can stat and end. Ulike smple procedure. Another possily is to malke eab
time tags, ime ranges give EXEC the procedue mrrespond to an individliareal-
flexibility to compensate for execution delaysime mmand and le PS generate the
caused by locally recoverable failures. sequene atomaticdly. This my be &
complex as the traditioh@approach and may
Relying on an on-bodrpanner can also make not be dfectively addressed y current
fault protection snpler and more robtigshan automatd planning technology. For DS1,
traditiond sequencing. In the traditional however, we il concentrate  on
approach, a sequence is infrequenghinked demonstrating the modularity, flexiby and
to a spacecraiand therefore needs to includerobustness fohigh-level canmanding, leaving
contingencies to harell a wide variey of advances in optimality to future missions.
fallure nditions. When a major ifare
occurs, execution fo the single on-board 4. GENERATING PLANS FROM GOALS
sequence mue restarted, and the sequenc
mud command tlke asessmdnof the new
execution conditions and re¢amnditiondly on
the basis bthis assessment. Becausk tbe
large number bpossible fdure wnditions and

?‘:igure 1 describes how the DS1 on-board
planner implements high-level commanding.

conditions known tathe ime PS was invoked.
For this reason, the sequences evdiytua
expanded frm a plan are genetg smpler and
smdler. Faul protection goals, however, need
not be mpranised. When execution
conditions dfer so mub from the initial

assumptions thalocd failure recovey is from Ground
insuficient, execution bthe plan stops and PS
is asked for a new plan thiekes into account
the new situation. Déag with faut conditions
on an as-needed bagmplifies the solution of
the fault protection problem.

the low levé of the instructions in a sequence, to device drivers
the size ba robus sequene ca be vey large

and tle dfort needed to Wbld it very high. PLANNER/ [
Instead, plans are M only for the execution SCHEDULER\

EXECUTIVE

MISSION
MANAGER

Figure 1: High Level Commanding

A long-tem plan covering th entire mission,
the misson pofile, is dored and maintained
on-board g the Mission Manager (MM)The
MM allows ground operations to modify
mission goals ¥ editing the mission proife.
o ) ! . MM also has the responsiby to respond to
levd of |nd|V|du_ai real-ime mstr_uctlons. In the EXEC'’s requests for new plans. When this
such cases high-levecommanding #ows happes MM lects a new s$eof goals from
severdaalternative ways to address the problen?he mission profe, combines ti with initial
which are no worse than the tr.ad't'onalstate information providedybthe EXEC and
approache_s. For example, the plaryrgmply_ endstito the PS. Theirhe horizon covered
include a single procedure for the entire critica y PS is typictly two weeks during cruisand

It has to be noted thaone aitical parts of
the mission ma still be so resowe ad time
constrained as to require opization & the



a few dg during encounter. When a plan istokens with tle @rresponding consumer
ready, PS sendsto the EXEC. When EXEC tokens.

has émos completed executionfats current

plan, t sends a new reque® MM,; this also

happens when the EXEC is maintaining the Engine
spacecrdf in standly mode dter the warming_up | fire(B) idle
occurrence of a major failure.
Plan representation _ / contained b

Attitude
Both PS and MM represemplans using the .
same kind bdata structure, thelan database. wrn(A.B) | point(®)  jwrn(B.C)
This is organized in sevdrpardld timelines v U
each comprised foa sequence ofokens. A meets meets
timeline describes the futerresolution o a
singk componen of the spacecraft’ gate Figure 2: Example Timelines

vector. The geof tokens actie & a given
poirt in time representhe value 6 the state The type 6 the resource tokens indicate the
vector & tha time. Goals ath procedures are amournt requested and the mddg of
both represented as tokens. Each tokegonsumption bthe resource (e.g., constant,
consists © a state variable descriptor linear depletion). Resourceimélines also
(specifying to which imeline the token include mechanisms to aggregadl pardlel
belongs) a type (a symbo representation of requests, compare ehamulative requests
the go or procedue and its parameters) a with avalallity and prevehresource over-use
start-time, arend-time and duration. (e.g., drawing more power than is tahble, or
using more fue than is allocated for the
For example, there mabe one imeline mission phase
describing the statef the engine (waming up,
firing, or idle) and another describing theThe plan databascan represeha plan & any
spacecrdfattitude (e.g., pointing to a target, stage 6 partid completion. Incomplete plans
turning fran targe A to targe B). Exgicit can have gaps between tokens oniraeline.
tempord constraim synchronize tokens on Also, an incomplete plan manclude a request
separateimelines. For example, the spacecraffor a wnstrain between tokens (see the
attitude mus be pointing to targeB while the section on “The Planning Model”) thhas not
engine is firing. Tempotaconstraints can also Yyet beenimplemented. PS W analyze the state
enforce ordering fotokens on a singléneline  of a databas and add tokens and constraints
(e.g., tle engine muswam up for & leag an  until the plan is complete.
hour before ti fires). A plan involving these
two timelines is shown iRigure 2. Wherever possible, the plan databasplicitly
represents decigio variables and constraints
Timelines can also repregerthe state of among them. The database uses constraint
renewable resoursesich as btery state of propagation mechanisms to inferlidaranges
charge, non-renewable resowsclch as fuel, of values for variables (e.g., star end imes
and aggregate resources (i.e., resources thefttokens) and to deteanconsistencies (e.g.,
can be docated in paflkel to several contradictoy temporda constraints between
consumers) such as electric power. Tempordbkens). This representationllcavs PS to
constraints synchronize resourcéloeation concentrate on estisdhing constraints instead



of selecting exacvalues for decisio variables,
an approach tha often avoids over-
commitmert errors and thereforeminimizes
backtracking on commitments made earlier.

More representatiohadetals on the plan
databasean be found ifd].

The Planning Model

A vdid pan mus satisfy mary constraints,
including ordering constraints (e.g.,
catalyst-bed heaters ntuswam up for ninety

( MICAS_Ready)
:compatibilities

(AND
(met_by ( MICAS_Turning_On))
(meets ( MICAS_Turning_Off))

(equal (REQUEST (Power 15)))
Figure 3: A Compatibility Tree

Whenever aMICAS_Ready token appears in
the plan, t mud be preceded b a

theMICAS_Turning_On token and fbowed by

a MICAS Turning_Off token, and the

minutes before using the reaction contropower fmeline is decrementedyliifteen wats
thrusters), synchronization constraints (e.g. th#r the duration bthe token (and maisiot go

antenna musbe pointed &athe Earth during
uplink,) safey constraints (e.g. do hqgoint

the radiators within twegitdegrees bthe sun),
and resowe onstraints (e.g. &1 MICAS

camera requires fifteen wa d power). These
are d expressed as tempobreonstraints, or
compatibilities among tokens.

The planning modes a sé of compatilili ties
that mud be satisfied in evgrcomplete plan.
More formdly, a compatiblity is a temporal
relation tha mug hold between amaster

below zero auvéable power for obvious

reasons).

Initial State

The inpu to the PS is an initisstae and a set
of goals. The outpus aplan tha achieves the
goals when executed frothe initid state. For
DS1 pans, the initistate ¢ a plan is the first
token on each timeline.

The initid state & the plan musmatch the
state & the spacecrafat the ime the plan is

tokenand atarget tokenwhenever the master executed. Sincet ican take severahours to

token appears in the plari.the master token

generag aplan (the badme is eigh hours),

does no occur in the plan, the relation doesihe injtid state provided to the PS is

not need to be satisfied.

A master token c¢a have several
compatillities. Thee ae epressed as a
Boolean expressionfocompatiliities cédled
compatibility trees as fiown Figure 3. The
tree in this figure says thahe state in which
the MICAS camera is on mube preceded by
a state in whichtiis turning on, and ftowed
by one in which t is turning df. Whie the
camera is on,ticonsumes fitteen wvits of
power.

necessadlly a prediction dthe future spacecratft
state.

Under normh conditions, the prediction is
made ly the EXEC based on projectiof ihe
plan t is currenty executing. Since the new
plan will stat a the end o the airrert plan,
the projected initiastate @ the nex plan is the
final state & the arrert plan. The PS also
needs to know tawha time the new plan
should begin. This is also provided/ bhe
EXEC based on th ealies and lates end
times of the current plan.

In off-nomind situations, there is no current
plan fram which to projet the initid state of



the nex plan. This happens when a non-track the device’s health wa the EXEC, PS

recoverable fiture occurs during execution of ard possibl the ground reason abowhether

the arrert plan, or when the ground wants toto use it. Since the PS @gnicares about

upload a pre-defined (6canned’) plan. usalility, the tokens on the “healthintelines
areavailable  andnot_used .

In the case foa canned plan, the ground cannot

eadly predid the state bthe spacecrafat the A device ca be avallable bu degraded.flthe

time the plan Wl be executed. The solution is PS needs to reason abdlie degraded modes,

to pu the spacecrafinto a known state in they are specified as arguments to the

which it can persisuntl the plan is executed. available token. For example, the thary

This state is the initial state of the plan. capaciy can be degraded even though the
batery is gill functional. Tle agumen of the

In the cae d non-locdly recoverable féures, status token indicates the nraym charge

the res of the plan cannmobe eecuted. In levd in amp hours (e.g.available (24),

addition, the EXEC ma have had to take available (20)).

actions no in the plan in order to gethe

spacecrdfinto a sa¢ @nfiguration fdlowing Mission Manager

the falure. So tk arrert plan cannbbe used

to predit¢ the future state fothe spacecratft.

Fortunately, the saf@nfiguration is a stable

one. Tle eec uses this configuration as the

initial state, ad persists in tts gate uni the

new plan is ready.

Mission operations comands the spacecraft
through a plan databascded the mission
profile. On board the mission profe is
maintained {p a dedicated process, thassion
Manager(MM). DS1 will be launched with a
mission profe for the entire mission. In

. principle this wll alow the spacecrafto
If the plan was abortedwe to a fded or achieve the nmind mission withot any

degradd device, the fdure mus be noted as additiona uplink. In practice, MM provides

pat of the initid state. For example, the IPS mechanisms for ground operations tot et

engine mg be non-operational, or perhaps themission rofe aad modif’ the mission aoals
MICAS camera is stuck in then state. P y g

while in flight.

In the cae d a stuk device, the token The mission proife is an incomplete plan with

corresponding to the stuck state is asserted tokens representing whaneeds to be

the @gpropriate imeline over tle eatire , o .
planning horizon. This prevents the PS fromaChleved b themission. Uike PS, MM does

generating a plan thaequires the device to not atemt to fil in gaps in themission

change states (the plan wouldl)faA non- profile. Instead, when ~requested, MM
functiond device is declae unusable by detemines the length fothe nex planning

placing anot_used token 4 the star of the horizon and selects the tokensttlfa in the

device’s healthineline. The reason for saying Egnzon 4ang need to be sentttc:_ Psb@ils .
the device is ro usable rather tma ron- ~'9ure % SNOWS a representative Slon

functiond is © thda the health 6 the device profle. TheWaypoints  timeline @ntains a

L . series & waypoint (...) tokens, each
can be separated from the decision to use it. . . .
P representing a boundapoint for a schedling

horizon. MM detemines the length fothe
schedling horizan by selecting the next
Owaypoint token such thathere is enough

For example, an intemttently failing device
may be declard unusable i the EXEC or the
ground. The EXEC and MIR can continue t



time for PS to prodte aplan between the
currert time and the ime o occurrence bthe
waypoint

Comm

| <*any*> |schedu|ed comm(ch| /
Navigate

‘ Navigate(...) H Navigate(...) ‘ /
Waypoint

‘ <*any*> /—“-" <*anv*> f
/

Wavpoint(fuel. batterv. etc)

Figure 4: Goal Timelines

Waypoint tokens also provel a sdé of

more @nveniem according to the domain
model.

Other goatimelines are specifiedrsilarly. For
example, the navigation timeline has
navigate tokens thaindicate how often the
on-board navigator should ask the spacecraft
to takeimagesof the star field.

Although the mission proife is designed to
express t@ entire namind mission through a
few timelines ¢ god tokens, soménes
ground mg wart to force tle execution of
specid maneuvers. Thes can only be
expressed through spdcianetworks of
synchronizd procedures. For this reason the
mission proife includes also llatimelines that
usudly contain procedure tokens expanded by
PS. Ground has equaccess to gdaand
procedure itnelines and can therefore include

check-poin conditions on resource usage thathe néeded tokens in tmeission profe. It is

the plan mus satisfy. Thes deck-point
conditions areimportan to guararge awell
balanced achievemerof al mission goals.
Without them, PS could be free to ausa
greed approach and consemd avalable
resources to mamize goaachievemenwithin

a few scheding horizons. Since the PS’
tempord perspective islimited, t is the
mission designers’ respontiity to provide
long term perspective througbaypoint s.

The Comm timeline detemines when the
spacecrdf is <heduled for comunication

importart to notice tha since MM and PS
make no a-prior distinction between goals
ard procedure tokens, ground can describe
maneuvers owl in pat leaving to PS the
responsillity to expand other procedures that
may be needed to adiafo the actubexecution
conditions. Thes @nditions are unknown to
ground & the ime d specification 6 the
special maneuver.

On-board Goals

In addition to the goals in thaission proife,
goals also come frao on-board systems, such

with ground through a DSN pass. This is don@s the navigator. Thidlaws the spacecrafo

by placing ascheduled_comm token on the
timeline, with star and end imes
corresponding to thosefothe pass. The
argumen of the token indicates the
telecanmunication configuration tha the
ground system is expecting. The Comm
timeline is incomplete sincé contains dmmy
<*any-value*> tokens within the gbaokens.
This means thaPS has the freedoto fill in
the gap with whatever defaysrocedures are

modify its goals, and therefore its behavior,
based a rew knowledge thathe ground may
not yet have. This capality is particularly
importart  since the spacectafhas only
infrequent contad¢ with the ground, and may
have to acton the new knowledge before the
next DSN pass.

This is especly true d navigation goals. At
the beginning beach planning horizon, the PS
asks the navigator whamages dould be



taken and wha courge @rrections are compatility is a temporarelation tha must
necessar based orimages and execution dataexig between anastertoken thais alreag in
from the previous horizon. The PS thenthe plan and darget token tha may or may
generates a plan that achieves these goals. not be in the plan. For example, the
compatillity A meets B is openfiA is in
The goals musbe generated on-board, sincethe plan but B is not, or i bothA and B are in
waiting for the nexDSN pass to dowimk the the plan but the relationA meets B is not
images and execution data, and then waitingxplicitly enforced.
for the ground to umk navigation goals is not
feasible. This is espeditrue near encounter, The PS can satishn open compatibty in one
where sevetlacourg @rrections are made of three ways. tl can add the targeoken to
within a couple days, and senworrections are the plan in such a watha it satisfies the
only a few hours apart. temporérelation; t can adjusthe star or end
time o either the targeor master token in
Goals generated on-board are treated the sarmeder to satisf the relation; or,tican decide
way as goals in thenission profe. However, tha the relation Wi be satisfied ¥ a token in
they do raise some interesting issues. Irthe nex planning horizon, and can therefore be
particular, on-boal goals mg confict with ignored. These options ercdled adding
goals in themission profe. If the goals are connecting and deferring respectively.
mutudly exclusive then there is no plan thatDeferred compatilities are maintained in the
will satisfy all of the goals. plan and carried forward to the meplanning
horizon as part of the initial state.
DS1 addresses this proivieén two ways. One
is to prioritize the goals (see Section 5). Thélhis basic loops simmarized in Figure 5,
lower priority goals ca be ignored, removing below. Each decision pabe made non-
the onflict. The navigator'smage goals have deteministicdly, though in practice the
the lowes priority since the navigator canilst decisions are guidedyneuristics. 1 the wrong
function adequatglif it misses an occasional decisions is made, the PSllveventudly reach
image. The second approach is to ensure thatdead end and backtrack.then tries one of
the goals are $iuciently flexible tha there is the other decisions.
always some way to satisfy all of them.
5. GOAL PRIORITIZATION

Planning Algorithm One d the mo$ common problems when

The planner essenllia searches in the space ofdeveloping a plan is the resolution of
incomplete or partlaplans [5] with additional spacecraf resource over-subscriptions. The
tempor& reasoning mechanisms [6cad]. As  problen stems fron the fad tha independent
with mog causé planners, the PS begins with sources (e.g., the science team, the navigation
a partid plan and gempts to expand into a team) compete for the usé the limited on-
complete plan. The plan is complete when it
satisfies & of the compatiblities in the plan
modd and d of the imelines have finatokens

While plan has open compatibilities:
1. pick an open compatibility

that_ end at, or after, th exd d the plan 2. select and apply resolution strategy
horizon. 3. if no resolution possible, backtrack.
The unsatisfied compatittties are also referred Figure 5: Planning Loop

to as open compatillities. An open



board resources. The ovéranission goals
depend on achieving caeful balance between
these potently conficting goals. When a
compranise is possible, the PS mu
appropriatel distribute the use foavalable
resources. When a compne is no possible,
then the PS mussele¢ some & the lowest
priority goals for postponemeror outright
rejection.

st

The DS1 PS systecan perfom on-board &
of the functions described above. Goals th
can be rejected are represented in thssion
profle & free tokens Theg ae tokens that
have no yet been inserted onto anteline.
Besides expanding the suppogtiprocedure,
PS has to fitsdecide i the goatoken wil be
inserted in tb gpropriate imeline. PS can
interleave this decision in the backtrackin
search procedure described in Section 4 a
can therefog eplore severagod rejection
schemes before returning a finglan. In
practice, however, PS does caneaplore dl
possibt  @mbination & free token
achievements luinstead fiows a statidéy
assignd prioritization scheme (e.g., science
goals have highes priority, followed by
navigation goals and theyy telemety goals).

In the fdlowing section we descebexamples
of god prioritization due to fdures tha make
certain resources unusable by the PS.

God prioritization schemes make
commanding & the spacecrakasier and more
robust. t is easier because doachievement
decisions ca be postponed to reflethe actual
conditions & execution & the plan, making
unnecessgrextensie ontingeny analyses in
advance; ti is more robus becaue even if
ground specifies goals thacannd al be
achieved together, the spacecrail not give
up and continue operationsy executing a
“good enough” commanding sequence.

6. FAILURE RESPONSE

The RA provides two levels fo falure
responses—anmmediate reactive response,
and a longer ten deliberativeresponse. This

is typicd of many autonom architectures
(e.g., Soa [7], Guardian [8]). The reactive
behavior provides for fast, reatrie responses
to falures, such as a stuck thrusterrapidly
draining bd#tery, tha coud damage the
spacecrdfif not deat with immediately. On
DS1, the reactive behaviors are provided by

¥he EXEC and MIR. Once the spacetriaf

stahlized, the diberative behavior assesses
the impad of the falures on te remaining
goals, ad detemines how to proceed imght

of the falures. The déerative responses are
provided by the planner.

YThis two levé response results inngpler and

o

ore robusplans. The plans arényler since
they can address onlthe nonind cae and
trug tha failures wil be handld properly as
they arise. Fdures ae ether resolved k the
reactive layer andllaw the plan to continue,
or cannd be resolved, in which case the plan
breaks and the P§enerates another munal
plan based on the new spacecraft state.

The plans a& dso more robust. This is partly
due to the fdure response mechanism, partly
due to the hierarchitanature ¢ the RA, and
party due to the plan representation. The
hierarcly alows the tokens in the plan to
correspond to fall abstrat procedures, and
the plan representatioll@ws tokens to have
flexible stat and end itnes. This #hows the
EXEC considerable latitude how it executes
tokens. t can respond to ares ly retrying
commands or trying alternatgproaches. The
extra ime needed to respond to thduees is
absorbed Y the flexitlity in the tokens gart
and end times.

In the fdlowing, we quicky outline the
significance 6 plans, both in the reacavand
in the deliberative failure responses.



The Reactive Layer avalable to future tokens a&i cnstraint

As mentioned above, the reactiveildee ProPagation.

responses are handled compietby EXEC
and MIR on a toke by token basis. During
execution, tb conditions ¢ vaidity for each If the plan lkreaks, the EXEC gets the
token musbe held true for th entire duration spacecrdf into a saté nfiguration and
of the token. When EXEC executes themmediatey asks the PS for a new plan. The
procedure corresponding to a token in thd®S assesses tli@mpad of the falure on the
plan, t relies on MIR inferring the statef the mission goals andt@mpts to develop a new
spacecrdfdevices based on their telenyeéind  plan tha will achieve then from the arrent
responses to EXEC oomands. f the inferred spacecrdf state. This is dbeed replanning
state is inconsisténvith the ommanded state, There is no dierence between planning and
MIR suggests recovgractions to the EXEC. replanning. The saendgorithm is usedn both
The recovey action mus guarantee thathe cases.Replanningrefers to planning after a
conditions & vaidity for the token continue to plan lreak whereasplanning refers to the
hold. nominal cycle.

The Deliberative Layer—Replanning

For example, the MICAS_Turning_On When a replan occurs, the PS massess the
token involves turning o heaters ath power impad of degraded or unusable devices on the
switches, taking soencdibrationimages, etc. mission goal. For goals generated on-board,
If the MICAS power switch does htransition the go& generators exaine the relevant
to theon stae & canmanded, then the MIR spacecrdf state. f the goals are patently
may sugges EXEC to re-send #n ommand, unachievable, no gbais generated. For
and if that failsfo resetthe MICAS camera. example, fi the IPS engine is declared
unusable, then the navigatorillwnot return
Besides asserting Mdity conditions, the plan goals requirig use d the IPS (e.g., IPS
also dlocates resources for each token withirthrustirg goals). F the MICAS camera is
which recovey mug take place. fl this unavadable, then the san @plies to
resouce docation is exceeded the token anchavigation image goals.
the plan are declared “broken”. For example,
the duration associated to each token type iAfter the obvioust unachievable on-board
the PS modetypicdly has a lower bound (the goals have been removedy bthe goal
time needed to execute the tokémo falure generators themselves, thienpad of the
occurs) and an upper bound (tlmd needed falures on the remairgngoals is assessed by
to execute the mamum alowed number of the planning model. This assessieccurs as
recovey actions) As a resul of the total a normal part of the planning search.
number & tokens and the topoly®f the plan,
PS mg “eat up” some @& the duration The planning algoritim attempts to resobly dl
flexibility, possiby alocating ony enough the open compatibties in the plan. fl one
token duration to execute the mimal approach fis, t tries alternates uihtit either
procedure withou recovery. t is also
importar to notice thathe flexible nature of
plans #ows slack in a plan to be transferred
“upstream” between connected tokens. So if The same assessneis also necessarin normal
an eay token succeeds withouecovery, the planning conditions. However, the devices are fully

) . . functional, and the resources are their expected
token's unuse duation flexiblity is made |evels, so there is no impact on the goals.




generates a plan thasatisfies #& the are changed such thidnere is no wathey can
compatibilities, or fails. fal.  Specificdly, the semantics of
take_image are dcanged to, “Hemg to
Knowledge @ou the impad of the spacecraft take an image.” This token canmdail, so no
state onmission goals is expressed in therecovery actions are needed.
compatillities d the plan model. Eachf ahe
goals is represented as a token, and the3éis approach masbe used with great
tokens hag cmpatiblities with tokens on caution. Al the other tokens in the plan must
timelines representin device health and be onsistefwith dl possible outcomesf dhe
spacecrafresources.flthe resources are not “critical” token. For example, after encounter
avdlable, or the device is hosuficiently there ae tokens thawrite the wntents 6 the
functional, then the plannerillvnot be @le to  MICAS image bidfer to non-volate storage.
satisf the compatilities on the gdaoken. If These tokens musot require tha the bufer
there 8 me other ww to achieve the goal have images in it, since thdéake image
compatillities tha does nbo require these token does rnoguarantee thiaan image wil
resources, then the planneillwiind it and actudly be taken. The bter mgy wel be
generate a plan accordingly. empty.

If the planner canndiind ary way to satisfy 7. FORTUITOUSEVENTS
the cmpatiblities, then ti will try to reject
some @& the goals based on a goal
prioritization scheme.flit stll cannd find a
plan, then the spacecrafemains in standby
mode unit the ground can intervene during the
next DSN pass.

Re-assessmentsf anission goh achievement
by replanning ca be dso fruitful when
spacecrdf capallities are unexpectedly
restored; or when the spacetrgferforms
better than expected; or when external
fortuitous events open the podgsily of
achieving high-payi mission goals. Fro the
DS1 planner’s perspective, these situations are
For criticd evens such as encounter, there iscovered kg the basic scheme described in the
no time to recover eventdhe reactive level, previols <ctions. The occurrence of
let alone ime to recover Ypreplanning. In the advantageous events needs to be detected by
DS1 encounter, the MICABhages are spaced EXEC and cennmunicated to the PS in the
so tightl together thaan d@temg to recover initial state. Other than that, PSllwperform
from a falure whle taking oneimage ould the same search proceduretthliaead handles
resut in losing severaotherimages. tis beter  the nominal and failure scenarios.
to smply move on to the néxXmage and hope
the fault clears itself. As an example foan unexpectedl restored
resource, consider a situation in which IPS has
In traditiond missions, these so4bad critical  malfunctioned and EXEC has broken the plan,
sequencesare handled Yo switching to an made IPS unavable to the PS, and inserted
alternate faul contrd mode in which some into the nek telemety dowrlink a requesfor
faults are ignored Mucritical faults, such as ground to assess the situation. Assume that
sudden loss of battery power, are still handledduring the nexDSN pass ground is able to run
some tests ah decides tha the malfunction
In DS1, critich sequences are handled withinwas a flule and IPS operations can resume.
the eisting faut contrd mechanism. The EXEC can now break the plan curregtlin
semantics ba few careflly selected tokens execution (which did no include the

Critical Plans



achievemen of “SEP thrus accumulation” without ground intervention, and taking

goals) andmmediatey re-invoke the PS with advantage of fortuitous events.

an initid state thaincludes the factha IPS is

now available. The DS1 mission marks the fitson-board
planner to % on a NARA spacecraft. The

Replanning also llmws the spacecitato take validation d this technolog will open the way

advantage f beter-than-expected resource for future autonomous missions.

consumption. Consider a two-we@lan that

dlocates three ilograms © fud for each

week. Assume thaafter the firs week, the REFERENCES
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8. CONCLUSIONS

On-boad panning is a aucid elemem of
spacecrdf autonomy. 1 can reducemission
costs andmprove mission quéty by alowing
high-levéd commanding, enaing achievement
of mission goals in the presencé failures
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